Purpose of the review: This review provides updated information on the research and application of modified and controlled atmospheres (MA and CA) for tropical crops.
Introduction
Until recently, most tropical crops were only grown in home gardens and small farms primarily for local consumption. Currently, several tropical fruits such as banana, pineapple, papaya and mango are among the most important horticultural crops. The market for tropical fruits has increased significantly in the last 2 decades. This is due to several factors including changes in diet habits, demand for exotic food products, and the use of improved technologies such as storage and transport. The improved prices and technologies, and increased demand are resulting in increased cultivation of a diversity of tropical crops in several regions of the world.
Most tropical crops are chilling sensitive and cannot be maintained at low temperatures. As a consequence, most of these crops have a relatively short postharvest life (only few weeks) compared with many temperate and subtropical fruits [1] . Modified (MA) and controlled atmosphere (CA) have been shown to ameliorate chilling sensitivity in several crops, including those of tropical origin [2**].
The tropics are characterised by conditions (high temperature and relative humidity [RH] ) that favour the spread of insects and diseases. Some of the most important diseases that affect tropical fruits and cause major losses include anthracnose (caused by Colletotrichum gloeosprioides Penz.) and stem end rot (caused by Diplodia natalensis P. Evans). Anthracnose is the major postharvest problem in avocado, banana, guava, mango and papaya, and contributes to most of their losses [1] . MA/CA can control some decay, either directly or indirectly, by delaying ripening and senescence of the commodity and, thus, maintaining resistance to pathogen attack [2**].
Many insects infect tropical crops. Some of the most important insects include various species of fruit flies such as Ceratitis (found in several regions of the world), several Anastrepha species (found in South and Central America and the West Indies), the genus Dacus (found in Africa and Asia, etc) [ [MB] ) have been the principal treatments used for this purpose [3*] . However, EDB was banned in 1984 due to the associated health risks. MB is still being used for some crops, but with restrictions.
Several physical quarantine treatments have also been tried [3*] . Low temperatures (0-2.2ºC for 10-16 days) can be used to control the Mediterranean fruit fly. However, these temperatures cannot be used for most tropical fruits because of their chilling sensitivity. Hot water treatments have been used in several countries to control fruit flies in mango (46.1ºC for 65-90 min) and papaya (using a two-stage heating process with temperatures of 42ºC for 30 min and 49ºC for 20 min). Vapour heat treatments have also been developed and used, although injury has been reported in both mango and papaya fruits treated with heat [3*] . Irradiation has proved potentially applicable for insect control in some tropical fruits such as mango and papaya, however, commercial application is still very limited due to several problems including possible injury to the fruit, high costs and consumer concerns. MA and CA (>1.0 kPa O 2 or <50 kPa CO 2 ) have insecticidal and fungistatic effects, and the potential to be developed as quarantine treatments [2**, 3*].
Despite all the previously mentioned problems faced by tropical crops after harvest (chilling sensitivity, disease and insect infestations, and short postharvest life), they have to be shipped to distant markets, usually by air or sea. Shipping distances by sea can be very long. For example, the minimum times required for sea freight from Eastern Australia to South East Asia, Japan and North America, and Europe are 3,4, and 6 weeks, respectively. Minimum shipping periods from Mexico to Europe and Japan are about 14 and 21 days, respectively. Therefore, it is essential to ensure that these crops have a sufficiently long postharvest life in order for them to be distributed in distant markets. In addition, with better postharvest handling systems that include optimum harvesting time, control of insects and diseases, and the use of ideal postharvest temperature management, MA and CA can be of major benefit in preserving the quality of these fruits, as well as in helping to prolong their postharvest life. The rising importance of tropical fruits in world trade and the improvements in MA and CA technology and applications in the last 2 decades have been important, especially for marine transport of these crops [2**].
MA and CA have several potential benefits for tropical crops including retardation of maturation, ripening and senescence, alleviation or control of chilling injury (CI), and control of some pathogenic disorders, physiological disorders and insects [2**, 4**]. However, optimum gas composition for different products is very variable, and depends on many factors such as type of product, physiological age, temperature and duration of treatment. Exposure of horticultural products to O 2 levels below or CO 2 levels above their optimum tolerable range can cause the initiation or aggravation of certain physiological disorders, irregular ripening, increased susceptibility to decay, development of off-flavours, and can eventually cause the loss of the product. Most horticultural crops can tolerate extreme levels of gases when stored for only short periods [2**].
Very little research has been done on MA/CA of tropical fruits as compared with temperate fruits such as apple and pear. Very few reviews have been written on MA/CA of tropical crops and information has been largely limited to mango, avocado, banana, pineapple and papaya [2**, 4**]. Information on many of the minor tropical crops is either non-existent or dispersed in less-established journals and local reports. Most of the research conducted on MA/CA of tropical crops was done on avocado, banana, mango, papaya and pineapple. Very little has been done on cassava, custard apple, feijoa, guava, lanzone, loquat, rambutan, sapodilla and sugar apple, and no research has been reported on atemoya, birba, breadfruit, cacao, carambola, cashew, coconut, jackfruit, langsat, longan, macadamia, mammee-apple, mamey, mountain apple, tomatillo, pulsan, white sapote, soursop, tamarind and yam [2**]. Studies on the mode of action of MA/CA have been done almost exclusively on avocado and banana, but very little to none on other tropical crops.
The potential benefits of MA and CA for tropical crops depend on the type of the crop, handling methods during pre-and postharvest and length of shipping period. An adequate handling system that includes temperature management, humidity control, avoiding mechanical damage, sanitation and ethylene removal treatments (for some crops) is essential for the successful application of MA/CA. The use of CO in addition to MA or CA can provide several advantages such as the control of pathogenic diseases and insects, and tissue browning and discoloration. There is a potential for the use of CO for tropical fruits; however, development of safe methods of application such as the addition of odours are required before any commercial use can be considered. The use of CO has to be combined with low (<4 kPa) O 2 concentrations [5] .
Storage and transport
MA and CA are not used during storage of tropical fruits. CA storage technology is not as important and as promising for tropical crops as it is for temperate products. This is due to several reasons including those related to the crop such as availability and quantity, preharvest and postharvest handling, and the availability of alternative technologies [2**]. Tropical crops cannot be stored for prolonged periods to justify the use of CA. There have been several reports of experimental work indicating that MA/CA might be beneficial for storage of tropical crops, however, some of these positive results might be due to factors other than MA/CA, such as humidity control. Many factors should be considered when evaluating the potential use of MA/CA, such as biological factors, the value of the fruit, the quantity and quality produced, the specific reason for the use of MA/CA (control of metabolism, control of pathogens, control of insects, etc), availability of alternative treatments that can be more accessible or cheaper, competition with other production regions, type of market (local, export), distance to market, type of preharvest and postharvest technology available in the region, and research efforts.
CA and MA are used for marine transport of several tropical crops. For example, MA has been used for more than 30 years during banana transport from Central America to the rest of the world and the use (and interest in using) of this technology has increased recently [2**]. In recent years, many advances in MA/CA for transport have been accomplished. Transport periods of tropical crops can be long (up to several weeks), and therefore MA/CA can be very helpful in maintaining the quality of these fruits. The use of MA/CA can encourage the use of sea transport, since it is cheaper than air transport. Atmospheres for transport can be developed passively, semi-actively or actively. The most common systems for transport in the last 30 years have been developed on a semi-active basis. These systems, which have been (and still) used for transport of banana and strawberries, are usually less efficient, but less expensive than active systems.
The use of CA for transport has been contemplated for several years, although the first system was developed about 30 years ago. In the first few years, the success of these systems was hindered by several problems including unavailability of adequate gas-tight containers, adequate systems for gas control and analysis, and adequate CA generating systems. Existing systems and companies before the late 1980s were unable to deliver on promised applications and benefits of CA transport. In the late 1980s, the concept of CA transport became very promising and more practical mainly due to the availability of technologies to build gas-tight containers, the use of adequate gas control systems, and the ability to establish controlled gas mixes. The use of air separation technologies in CA in the late 1980s, especially the introduction of membrane technology in 1987, made CA transport practical and feasible. Liquid nitrogen and pressure swing adsorption (PSA) systems were tried first to create and maintain CA systems in sea containers, but were not very successful. The disadvantage of the PSA system is the susceptibility of the carbon sieve to deterioration in high vibration environments. Liquid nitrogen has a high boil-off rate and can run-out in the middle of the ocean, making it difficult to refill and, thus, the CA system would be lost. MA and CA systems are currently used for transport of fruits in reefer ships and reefer containers. Active systems are used on reefer ships to generate the necessary nitrogen from the ambient air. Most installations feature flexibly installed systems that consist of a compressor, an air treatment unit (for cooling, drying and oil removal), a nitrogen generator, and a measuring and control section.
Banana is one of the tropical fruits that can be stored in CA, however it is not commonly done. A study conducted by Stewart et al. [6] has concluded that the silicone membrane system offers an inexpensive and easy-to-use alternative to the traditional methods used for MA storage of bananas. Cavendish bananas were stored for 42 days at 15°C under MA conditions using silicone membrane and diffusion channel systems. The smallest area of silicone membrane achieved gas levels of 3.5 kPa CO 2 /3 kPa O 2 in about 10 days, while the shortest diffusion channel achieved 5 kPa CO 2 /3 kPa O 2 in 12-16 days. Fruit stored in these atmospheres remained unripe for 42 days, had harvest-fresh appearance, good colour, minimum mould and excellent marketability compared with controls and fruit stored in different gas compositions. In general, these authors found that the silicone membrane system was superior; it achieved stability more quickly than the diffusion channel system, maintained more stable gas levels throughout storage and had better physiological and sensory ratings. The diffusion channel system had higher CO 2 levels that might have resulted in peel discolouration in some chambers, which affected other quality attributes.
Poubol and Izumi [7] found N 2 O treatments extended the storage life of banana fruit without causing adverse effects on the physico-chemical quality. The response to N 2 O was found to be dose-and time-dependent; the delay of ripening caused by N 2 O was not detectable at 20 kPa, but steadily rose at pressures above 40 kPa, and its effects on ripening appeared to be saturated at 80% N 2 O. Combinations of N 2 O with low O 2 (8 and 12 kPa) had a synergic effect on the ripening-delay. The capability of N 2 O to reduce the rate of fruit ripening is thought to be due to its anti-ethylene activity, as suggested by the delay in the climacteric-associated rise in 1-aminocyclopropane-1-carboxylic acid oxidase activity.
Although MA and CA are used during sea transport of mango, they do not seem to be adequate for mango storage. Bender et al. [8*] reported that preclimacteric Haden and Tommy Atkins mangoes are able to tolerate 3 kPa O 2 for 2 or 3 weeks at 12-15ºC and that tolerance to low O 2 decreases as mangoes ripen. Haden and Tommy Atkins mangoes were stored in air, 2, 3, 4, or 5 kPa O 2 plus nitrogen for 14 days at 15ºC, or 25 kPa CO 2 plus air for 21 days at 12ºC. Subsequently, all fruit were stored in air for 5 days at 20ºC to determine their tolerance to reduced O 2 levels for storage times encountered in typical marine shipments [8*]. All low O 2 treatments reduced the respiration of mature green mango; however, elevated ethanol production occurred in 2 and 3 kPa O 2 storage, with the levels bring 2-3 times higher in Tommy Atkins than in Haden mangoes. In contrast, Haden fruit at the onset of the climacteric also accumulated ethanol in 4 kPa O 2 and produced 10-20 times more ethanol in 2 and 3 kPa O 2 than preclimacteric fruit. There were no visible injury symptoms, but off-flavour developed in mature green fruit at 2 kPa O 2 and in ripening initiated fruit at 2 and 3 kPa O 2 . Ethanol production was not affected by storage in 25 kPa CO 2 . Ethylene production was reduced slightly by low O 2 ; however, Haden fruit also showed a residual inhibitory effect on ethylene production at 2 or 3 kPa O 2 Bender et al. [8*] found that mangoes can tolerate CO 2 atmospheres of up to 25 kPa for 2 weeks at 12ºC. High (25 kPa) CO 2 completely inhibited ethylene production but increased ethanol production. Aroma volatiles were reduced following 25 kPa CO 2 treatment, while 10 kPa CO 2 , low O 2 atmospheres and storage temperature did not significantly influence production of terpene hydrocarbons, the compounds suggested to be characteristic of Florida-type mangoes. The quality of Keitt mangoes were evaluated during storage for 6 days at 20ºC under low O 2 (approximately 0.3 kPa) atmospheres (LO) before storage in modified atmosphere packaging (MAP) in three low density polyethylene films of different characteristics [9] . After LO treatment, fruits were individually packaged and stored for 30 days at 10 and 20ºC. Both LO and MA treatments delayed the losses of colour, weight and firmness. Fruits maintained a good appearance with a significant delay in ripening. It was observed that mangoes were very tolerant to LO treatment. However, some individual MAP-packaged fruits developed a fermented taste after 10 and 20 days at 20ºC. Short duration (6 days) storage of mangoes at low O 2 did not have any deleterious effects on fruit quality during subsequent storage under MA or normal atmosphere. Properly selected atmospheres, which prolong mango shelf-life by slowing ripening processes, seem to allow the fruit to be shipped without sacrificing their superior aroma quality. Mature green and tree ripe mangoes (cv. Tommy Atkins) were stored for 21 days in air or in CA (5 kPa O 2 + 10 kPa or 25 kPa CO 2 ) [8*]. Mature green fruit were stored at 12ºC, while tree ripe fruit were stored at either 8 or 12ºC. Tree ripe mangoes produced much higher levels of all aroma volatiles, except hexanal, than mature green fruit. Both mature green and tree ripe mangoes stored in 25 kPa CO 2 tended to have lower terpene (especially p-cymene) and hexanal concentrations than those stored in 10 kPa CO 2 and air. Acetaldehyde and ethanol levels tended to be higher in tree ripe mangoes stored in 25 kPa CO 2 than those stored in 10 kPa CO 2 or air, especially at 8ºC. Inhibition of volatile production by 25 kPa CO 2 was greater in mature green than in tree ripe mangoes, and at 8ºC compared with 12ºC for tree ripe fruit. However, aroma volatile levels in tree ripe mangoes from the 25 kPa CO 2 treatment were, in all cases, equal to or greater than those in mature green fruit. Some other minor tropical fruits have also received beneficial effects from MA and CA. Longan (Dimocarpus longan Lour.) treated with CA of 21 kPa O 2 + 4-6 kPa CO 2 , 6-8 kPa O 2 + 0 kPa CO 2 , 6-8 kPa O 2 + 4-6 kPa CO 2 or air at 1ºC for 30 days showed delayed quality deterioration and incidence of disease, as CO 2 increased and O 2 decreased, with the optimum conditions being 6-8 kPa O 2 + 4-6 kPa CO 2 [10] .
Storage in CA (3-5 kPa O 2 and 3-5 kPa CO 2 ) at 1ºC and 90% RH controlled browning and maintained quality of litchi fruit [11] . Zamorano et al. [12) analysed several mechanical parameters, obtained by compression and penetration tests, and changes in cherimoya (Annona cherimola Mill.) fruit quality during storage in air and in two CA treatments (3 kPa O 2 + O kPa CO 2 and 3 kPa O 2 + 3 kPa CO 2 ). A gradient of softening was found among the equatorial and apical areas of the flesh during CA storage, as assessed by localised penetration tests. The combination of low O 2 /elevated CO 2 (3 kPa O 2 + 3 kPa CO 2 ) increased this gradient and had a greater inhibiting effect on skin softening than low O 2 . The prevention of softening by CA storage was stronger in less mature (equatorial and outer areas) than in more mature tissues (apical and inner areas around the longitudinal axis). CA storage delayed or inhibited changes in fruit quality observed during air storage.
Sanchez et al. [13] studied the effects of short CA treatments, involving exposure to 10 kPa O 2 combined with 10, 15 and 20 kPa CO 2 , on a selection of biochemical parameters and related enzymic activities of cherimoya fruit stored for 0-9 days. A marked increase in the activity of soluble and cell wall invertases was found in cherimoyas stored in air, but this was inhibited by CA treatment, which also reduced the accumulation of soluble sugar and malic acid. CA had no effect on citric acid content and enhanced the increase in fumaric acid concentration, which was directly related to CO 2 level. Differences in the softening of fruit stored in air and in CA were found after 9 days storage; however, the role of the cell-wall hydrolases, polygalacturonase and carboxymethylcellulase, in this process was not clear. O 2 concentrations below or CO 2 above the tolerance limit can be hazardous to fruit quality. Tolerance levels of different tropical crops are diverse [2**, 4**]. Effects of low-O 2 atmospheres on quality and ethanol and acetaldehyde formation in stored ethylene-treated bananas (Cavendish) were investigated by Imahori et al. [14] . Treatment of mature green bananas with 200 ppm ethylene for 24 h at 20ºC accelerated acetaldehyde and ethanol formation. The skins of bananas stored in 0 and 1 kPa O 2 remained green in colour and CO 2 production was suppressed; however, ethanol formation was accelerated compared with those stored in air, leading to ethanol accumulation and the development of off-flavours. Off-flavour development in fruits stored in 0 kPa O 2 was intensive. Likewise, in fruit stored in 2 kPa O 2 , skins remained green, CO 2 production was suppressed and ethanol formation was accelerated; however, ethanol levels in fruit flesh were lower than in those stored in 0 or 1 kPa O 2 and remained constant during storage.
Modified atmosphere packaging
MAP refers to the development of MA around the product through the use of permeable polymeric films. MAP has been reported to maintain the quality of some intact and some minimally-processed tropical fruits such as durian, jackfruit, mangosteen, papaya and pineapple [2**]. Reported results vary due to very little experimental control. Some of the beneficial effects noticed might be due to the maintenance of a humid atmosphere around the commodity, and not related to gas control. Many different types of polymers are usually used, although the most common are different types of polyethylene. Different thicknesses of the same type of film, or different conditions (temperature and RH) surrounding the package result in different permeabilities and different inpackage atmospheres. Strict control must be achieved in order for different results to be compared adequately. Research reported on sealed polyethylene packages was done with one or various fruits, and with different size packages. This contributes further to the lack of experimental control and variations of results. MAP may not be very appropriate during transport, especially during long-term marine transport, due to the temperature variations that occur, which would stimulate water condensation inside the packages, change the permeability of packaging films and, thus, change the adequate atmosphere inside the packages. Many factors must be considered when developing MAP systems, including type, thickness and method of fabrication of film, package size, temperature, humidity, length of storage, type, quantity, and physiological stage of crop, and tolerance of each crop to the different gases, etc. A water-saturated atmosphere around the commodity favours the development of decay pathogens. In addition, ethylene usually accumulates inside the packages. Films used for tropical crops should be characterised by a relatively high permeability to gases and to water vapour. There is usually a need for effective disease control treatments, and practical and effective methods for absorbing water and ethylene in the packages. MAP should be used properly and only as a compliment to ideal postharvest handling, including optimum low temperature. Very active research is being carried out, and commercial interest is increasing, especially for minimally-processed products. More theoretical research is still needed to study gas exchange characteristics of different fruits, and ideal packaging materials for different crops with respect to gases and water vapour permeability.
MAP (about 12 kPa O 2 and 4 kPa CO 2 ) resulted in less visible chilling injury in Kluai Khai bananas stored at 10ºC [15] . Total free phenolics in the peel of control bananas decreased more rapidly than in fruit held in the MA package, and phenylalanine ammonia lyase and polyphenol oxidase activities were considerably higher than in MAP-stored fruit. Pulp softness, sweetness and flavour of MAP-stored fruit were better than in control fruit. Banana fruit (cv. Sucrier) packed in polyvinyl chloride film and held at 29-30 °C prevented the early senescent peel spotting, typical of this cultivar [16] . CO 2 and ethylene concentrations within the packages increased, but inclusion of CO 2 scrubbers or ethylene absorbents, which considerably affected gas composition, had no effect on spotting. Experiments with continuous low O 2 concentrations confirmed that the effect of the package was mainly due to low O 2 . RH was higher in the packages but this had no effect on spotting. The positive effect of MAP on peel spotting was accompanied by reduced phenylalanine ammonia lyase and increased polyphenol oxidase PPO activities in the peel. Therefore, senescent spotting of banana peel seems to require rather high O 2 levels.
The application of the anti-ethylene compound 1-methylcyclopropene (1-MCP) in combination with the use of polyethylene bags was reported to extend the postharvest life of banana fruit [17] . 1-MCP treatment delayed peel colour change and fruit softening, and extended shelf-life in association with suppression of respiration and ethylene evolution. Banana fruit ripening was delayed when exposed to 0.01-1.0 μL/L of 1-MCP for 24 h, and increasing concentrations of 1-MCP were generally more effective for longer periods of time. Longer delays in ripening were achieved with fruit sealed in 0.03 mm polyethylene bags containing 1-MCP at various concentrations. The greatest delayof about 58 days was obtained by packing fruit in sealed polyethylene bags with 1-MCP at either 0.5 or 1.0 μl/L. 1-MCP suppressed both ethylene evolution and respiration.
Exposure of papaya (Carica papaya L., cv. Sunrise) fruit to 10 −5 or 10 −4 M methyl jasmonate vapours for 16 h at 20°C inhibited fungal decay, and reduced chilling injury development and loss of firmness during storage for 14-32 days at 10°C followed by 4 days shelf-life at 20°C [18] . Methyl jasmonate-treated fruit also retained higher organic acids than the control fruit. Low density polyethylene film packaging prevented water loss and further loss of firmness, as well as inhibited yellowing. The MA (3-5 kPa O 2 and 6-9 kPa CO 2 ) created inside the package did not induce any off-flavour development during storage at 10°C, and the postharvest quality of papaya was enhanced by combining the methyl jasmonate-treatments with MAP.
High O 2 atmospheres seem to solve some of the problems caused by MA and CA. Longan fruit (Dimocarpus longan, cv. Chuliang and Shixia) were maintained in MA (of 15-19 kPa O 2 + 2-4 kPa CO 2 ), and in CA treatments (of 4 kPa O 2 + 5 kPa O 2 , 4 kPa O 2 + 15 kPa CO 2 or 70 kPa O 2 + 0 kPa CO 2 ), all at 2ºC and 95% RH [19] . Ethanol concentration in fruit stored under low O 2 and high CO 2 increased gradually over 40 days (moreso in MA than in CA), but high (70%) O 2 CA reduced ethanol production. Peel colour darkened during storage, more rapidly in MA than CA; high O 2 CA maintained green peel colour more effectively than other CAs, particularly for up to 30 days. Peel pH increased gradually during storage and was significantly lower in fruit under high O 2 conditions. CAs with low O 2 and high CO 2 levels were more effective than MA. Fruit decay also increased with storage, particularly in MA-stored fruit, and high O 2 CA more effectively controlled fruit decay than other CAs.
Some fruit coatings can create a MA. Two types of fruit coatings, one polysaccharide-based and the other with carnauba wax as the main ingredient, were tested for their effect on external and internal mango fruit atmospheres and quality factors during simulated commercial storage at 10 or 15°C with 90-99% RH followed by simulated marketing conditions at 20°C and 56% RH [20] . These two coatings exhibited markedly different O 2 permeability characteristics under laboratory conditions. Polysaccharide coatings were less permeable to respiratory gases, such as O 2 , and more permeable to water vapour compared with carnauba wax. When applied to fruit under simulated commercial conditions, however, the difference between the coatings in permeance to respiratory gases were significantly reduced, most likely due to the high humidity during chilled storage. Both coatings created a MA, reduced decay, and improved appearance by imparting a subtle shine, but only the polysaccharide coating delayed ripening and increased concentrations of flavour volatiles. The carnauba wax coating significantly reduced water loss compared with the uncoated and polysaccharide coating treatments.
MA and CA can have several potential benefits for fresh cut tropical products. MAs consisting of 4 kPa O 2 , 10 kPa CO 2 and 86 kPa nitrogen, vacuum packaging or 100 kPa O 2 were applied to minimally-processed mango and pineapple fruits [21] . A gas mixture treatment was found to achieve the longest shelf-life [21] . A study by Beaulieu and Lea [22] assessed volatiles and quality changes in stored fresh-cut mangoes prepared from firm-ripe and soft-ripe fruit, and to assess what effect MAP may have on cut-fruit physiology, overall quality and volatile retention. Florida-grown Keitt and Palmer mangoes were used, without heat-treatment. Subjective appraisals of fresh-cut mangoes based on aroma and cut edge or tissue damage indicated that most soft-ripe cubes were unmarketable by day 7 at 4°C. Both varieties stored in MAP at 4°C had almost identical O 2 consumption, which was independent of ripeness. CO 2 and O 2 data for cubes stored in passive MAP indicated that the system was inadequate for preventing potential anaerobic respiration after 7 days storage. The influence of storage temperature and modified O 2 and CO 2 concentrations in the atmosphere on the post-cutting life and quality of fresh-cut pineapple (Ananas comosus) were studied by Moreno and Kader [23*]. As expected, temperature was the main factor affecting post-cutting life, which ranged from 4 days at 10°C to over 14 days at 2.2 and 0°C. The end of post-cutting life was signalled by a sharp increase in CO 2 production followed by an increase in ethylene production. The main effect of reduced O 2 levels (8 kPa or lower) was better retention of the yellow colour of the pulp pieces, as reflected in higher final chroma values, whereas elevated (10 kPa) CO 2 levels led to a reduction in browning. MAP allowed conservation of pulp pieces for over 2 weeks at 5°C or lower, without undesirable changes in quality parameters.
Vilas-Boas and Kader [24*] evaluated the effects of atmospheric modification, exposure to 1-MCP, and chemical dips on the quality of fresh-cut banana slices, which have a short shelf-life due to browning and softening after processing. Low levels of O 2 (2 and 4 kPa) and high levels of CO 2 (5 and 10 kPa), alone or in combination, did not prevent browning and softening, but softening and respiration rates were decreased in response to 1-MCP treatment (1 μL/L for 6 h at 14 °C); ethylene production and browning rates were not influenced. A 2-min dip into a mixture of 1% (w/v) CaCl 2 + 1% (w/v) ascorbic acid + 0.5% (w/v) cysteine effectively prevented browning and softening of banana slices for 6 days at 5°C. Dips in less than 0.5% cysteine promoted pinking, while concentrations between 0.5 and 1.0% cysteine delayed browning and softening and extended the postcutting life to 7 days at 5°C.
Fresh-cut Carabao and Nam Dokmai mango cubes were stored in air or in high CO 2 atmospheres (3 kPa, 5 kPa and 10 kPa) at 5°C and 13°C [25] . Freshly sliced Carabao mango cubes had a lower respiration rate, total bacterial count, and higher L-ascorbic acid content and firmness than Nam Dokmai mango cubes. The shelf-life of fresh-cut mango, based on browning discolouration and water-soaked appearance, was 6 days at 5°C and 4 days at 13°C for Carabao fruit and 2 days at 5°C and less than 1 day at 13°C for Nam Dokmai fruit. High CO 2 atmospheres retarded the development of water-soaked Carabao cubes at 5°C and 13°C and of watersoaked Nam Dokmai cubes at 5°C. The texture of Carabao cubes was enhanced by high CO 2 , but ethanol and L-ascorbic acid contents were not affected at 5°C and 13°C. Total bacterial count was lower in Carabao cubes than in Nam Dokmai cubes during storage at both temperatures, and an atmosphere of 10 kPa CO 2 only reduced the bacterial count on Carabao and Nam Dokmai cubes stored at 13°C. Between 40 to 100 kPa O 2 atmospheres, the 60 kPa O 2 reduced the respiration of fresh-cut Carabao mango cubes the most when held at 5°C or 13°C for 42 h [7] . The high O 2 did not affect texture or ascorbic acid content of Carabao and Nam Dokmai mango cubes at either temperature. Counts of lactic acid bacteria and mould were below the detection level (2.4 log colonyforming units/g) during storage at both temperatures. However, the 60 kPa O 2 atmosphere stimulated the growth of mesophilic aerobic bacteria on Carabao cubes and yeasts of Nam Dokmai cubes at 13°C. The increased microbial count may have been due to the higher pH of cubes stored in 60 kPa O 2 at 13°C than at 5°C or in air. However, other results have indicated that an atmosphere of 60 kPa O 2 is not desirable for mango cubes when held at 13°C [7] .
Low pressure (hypobaric) atmospheres
Low pressure atmosphere (LP) refers to the holding of the commodity in an atmosphere under a reduced pressure, generally less than 200 mm Hg. In this system the O 2 concentration is reduced depending on the atmospheric pressure [26**] . LP has been reported to extend the storage and shelflife of several crops including mango, avocado, banana, papaya and cherimoya [2**, 26**]. LP were used for a short period in the 1970s during transport of some food products including meat, flowers and fruits. However, this system was found (then) to be more expensive than the traditional MA/ CA systems. Furthermore, some fruits require other gases that cannot be administered during low pressure storage. For example, CO 2 is an important component in maintaining an adequate atmosphere for avocado. Currently, this system is not used commercially.
Insect control
Atmospheres with very low O 2 content or very high CO 2 levels have insecticidal effects [2**, 3**, 27**]. Insect control with MA and CA depends on the O 2 and CO 2 concentration, temperature, RH, insect species and development stage, and duration of the treatment. The lower the O 2 concentration, the higher the CO 2 , the higher the temperature and the lower the RH, the shorter the time necessary for insect control. MA and CA have several advantages in comparison with other means of insect control. These are physical treatments that do not leave toxic residues on the fruit, and are competitive in costs with chemical fumigants [28*] . MA and CA do not accelerate fruit ripening and senescence as compared with the use of high temperatures, and have better consumer acceptance as compared with the use of irradiation [3*].
The control of insects by CA has commercially been tried for grains and for dried fruits and vegetables [29] , but is not yet fully developed for fresh fruits and vegetables. Atmospheres needed for this application should contain very low levels of O 2 (less than 1 kPa) or very high levels of CO 2 (up to 50-80 kPa). Insecticidal atmospheres can eliminate insects within a period of 2-4 days at room temperature [2**, 30-33*, 34*], and within a period of only 2-4 h at higher temperatures [27**, 35, 36*] . Potential problems that hinder the possibility of developing insecticidal CAs for fresh fruits and vegetables include possible fermentation due to the use of anaerobic gas mixtures, and heat injury. The advantages of using this system at room temperature include the low energy input and the avoidance of heat injury. However, the advantage of using it at high temperatures is to accomplish the mortality of insects in a very short period and, thus, eliminate the accumulation of products before treatments. In addition, insecticidal CAs can be used either in permanent stores or in marine transport containers. Keitt Mango was found to be very tolerant for up to 5 days without any type of injury upon ripening, although fermentative odours could be noted while the fruit was under stress [37, 38*, 39-42*] . Some other mango cultivars were later evaluated and shown to be also tolerant [2**]. Hass avocado was found to be very sensitive, tolerating no more than 1 day, after which fermentation and decay were obvious upon fruit ripening [32, 43- One of the major concerns related to developing the commercial application of this system was the duration of the treatment. Previously developed and used chemical quarantine systems, and currently used hot water treatments are commonly done for a short time (2-4 h), and therefore developing a system for 2-4 days (at 20ºC) would not be accepted nor is it practical for commercial application. One efficient means to significantly reduce the duration of the treatment is to increase the temperature, although adding another (heat) type of stress. Several fruits and vegetables have been tested for their tolerance/sensitivity to heat stress, and mango (being tolerant to gas stress) was found to be tolerant, while other fruits that were found to be sensitive to gas stress (such as guava and avocado) have also been found to be sensitive to heat stress [41, 45*, 51, 52] . Insecticidal CA (<0.5 kPa O 2 + >50 kPa CO 2 ) at different temperatures (from 20-55ºC) and RH was tested on the sensitivity/tolerance of several fruits including different cultivars of mango, avocado, guava and papaya, and on the mortality of different stages of the two most important fruit flies that attack mango in Mexico (Anastrepha ludens and A. oblique). Only mango fruit were found to be sufficiently tolerant to both types of stress, and, therefore, this technique was thought to have the potential to be developed commercially for this fruit. Insecticidal CA at high temperatures increased the mortality of different stages of the fruit flies. Insecticidal CA at 43°C and 50% RH for 160 min achieved insect mortality in mango (probit 9) [ 58] . It is possible that the sensitivity/tolerance of fruits and vegetables to gas and heat stress is controlled genetically and, therefore, the genetic manipulation of sensitive products to increase their resistance/tolerance to these types of stress can probably help in the establishment of the commercial application of this system for several fruits and vegetables. An explanation to describe the possible mechanism for the injury of sensitive fruits by gas stress has been suggested by several authors [2**, 30, 31, 49, 51, 56] . Exposure of sensitive fruits to insecticidal gas stress reduces cellular pH, which inhibits aerobic enzymes such as pyruvate dehydrogenase, and activates (and possibly synthesises) anaerobic enzymes such as pyruvate decarboxylase, alcohol dehydrogenase and lactic dehydrogenase. The production of fermentative metabolites (such as lactate, acetaldehyde and ethanol) is increased significantly. In addition, energy production is decreased significantly. The accumulation of fermentative metabolites also increases the activity of some of these fermentative (allosteric) enzymes, which further increases the accumulation of toxic fermentative metabolites. It is possible that the sensitivity of some fruits to heat stress is due to a lack or reduced capacity in the synthesis of heat shock proteins [Yahia et al., unpublished data] . On the other hand, it is possible that the tolerance of mango fruit to heat stress is due to its capacity for the synthesis of such proteins, some of which can provide protection against this stress.
We have shown that there is an accelerated protein synthesis in mango (tolerant to heat stress), compared with guava (sensitive to heat stress), however, we have not yet shown acceleration in the synthesis of specific heat shock proteins. Some sugars, such as trehalose, are associated with the resistance of some micro-organisms to some environmental stresses [59] , but some reports have been skeptical about the presence of trehalose in plant tissues [60] . It is possible that resistance to heat stress is related to the presence of trehalose, and sensitivity to this stress is due to its absence or reduced levels. Trehalose is metabolised by trehalase. We have reported the presence of trehalose and trehalase in fruits and vegetables, and have tried to correlate the tolerance/ sensitivity of fruits and vegetables to heat stress with the presence/absence of trehalose and trehalase [49, 51] . In general, fruits and vegetables contain very low concentrations of trehalose, and in many cases it was difficult to detect; this was also the case with the activity of trehalase. Some of the fruits and vegetables that are sensitive to heat stress usually contain lower concentrations or no trehalose, and a relatively higher activity of trehalase compared with tolerant fruits and vegetables. It is possible that some of the proteins synthesised by heat tolerant fruits as a response to heat stress are responsible for the production of protective agents, which might be in the form of sugars such as trehalose. It is also possible that fruits and vegetables with relatively higher activity of trehalase would not accumulate sufficient amounts of trehalose and, therefore, that would render them sensitive to stress. The understanding of the mechanism behind the sensitivity/tolerance of different fruits and vegetables to gas and to heat stress can help in the manipulation of sensitive fruits, thus increasing their tolerance and allowing for the establishment of these techniques on a commercial basis.
Potential hazards
Despite the long list of potential benefits and advantages of MA and CA for tropical fruits, these have several potential problems and hazards, especially when used inadequately [61**, 62*-65]. Inadequate atmospheres can cause the aggravation or the initiation of physiological disorders and fermentation in intact fruits. They can increase the hazard of microbial contamination of minimally-processed products. MA and CA can be deadly to humans who attempt to open a CA container without proper security equipment or before the container is properly ventilated. MA and CA can cause structural damage to rooms and containers that lack proper pressure relief systems, or due to inadequate use of some gases such as propane.
Conclusions
The increasing importance of tropical crops in international trade and, thus, the need for technologies to prolong their postharvest life and maintain their quality, has increased the need for the use of MA and CA, especially during sea transport. Very little research has been done on MA and CA of tropical crops and most of it has been done on very few crops. Therefore basic data required for the application of this technology (such as optimum gas concentrations) are not yet available for many tropical crops.
